A free surface water channel is used to study hairpin vortex formation created by fluid injection through a narrow slot into a laminar boundary layer. Particle image velocimetry flow-field measurements of injections into quiescent cross-flow conditions confirm that elongated ring vortices are produced with a nondimensionalized circulation strength that is approximately linear with formation time. Unlike circular ring vortices, a limiting strength is not observed at a nondimensional formation time of 4 due to the proximity of the counter-rotating vortex pair. Identical injections are made into a laminar boundary layer at different free-stream velocities and streamwise slot positions (485 ≤ Re δ * ≤ 584) with average injection velocity ratios between 0.08 and 0.16. Visualizations indicate that the shear layer between the low x-momentum injected fluid and the boundary layer creates a Kelvin-Helmholtz instability that forms the hairpin vortex head which then monotonically decreases in circulation strength with downstream distance. A similar process can form, or regenerate, a secondary hairpin vortex upstream of the primary vortex with a circulation strength of the head that is comparable to the strength of the primary head at the time of regeneration. However, the legs of the primary vortex continue to strengthen up to regeneration. The peak circulation in the legs is not directly correlated to the strength of the original elongated ring vortex. However, when the circulation is scaled with the injection momentum ratio it is linearly related to scaled injection time. It is proposed that the injection momentum ratio and nondimensionalized injection time based on the wall normal penetration time can be used to identify threshold conditions which produce a secondary vortex. It is suggested that this criterion may be used to identify the minimum strength of flow structures that would be capable of regeneration and thus transition initiation. C 2015 AIP Publishing LLC.
I. INTRODUCTION
Hairpin vortices may play an integral role in the generation of turbulence at the initiation of transition as well as in the regeneration of turbulence in fully turbulent boundary layers. The early evidence of their presence and potential role in turbulent boundary layers is well summarized by Robinson 1 and Smith et al. 2 and suggests the hairpin vortex is the primary mechanism by which low-speed streaks are regenerated and in-turn create new hairpin vortices. The use of particle image velocimetry (PIV) and direct numerical simulations (DNS) have continued to find evidence that hairpin vortices play an important role in the regeneration of turbulent boundary layers. This body of more recent work is reviewed by Adrian. 3 More recently, evidence has been found that hairpin vortices are present at even larger Reynolds numbers with DNS results revealing hairpin structures Maturing hairpin vortex that is forming a kink in the legs. (c) A hairpin vortex that has generated a second vortex from the kinked legs. After Haidari and Smith, 9 Adrian et al., 10 and Zhou et al. 11 in flows up to Re θ = 2630 at Mach 2.1. [4] [5] [6] Most recently, Tomographic PIV has been used to identify the existence of hairpin structures in supersonic flow 7 at Re θ = 34 000 and as a result of shock wave/turbulent boundary layer interactions 8 at Re θ = 49 000. The existence of these coherent structures over such a large range of Reynolds numbers reaffirms the need to understand their generation and development. The generally accepted characteristics of hairpin vortices are summarized in Fig. 1 (a). The head is described as the spanwise portion of the vortex while the legs refer to the streamwise counter-rotating pair that extend to the surface. Much of the understanding of their initial development comes from experimental visualization studies performed in water by artificially generating hairpin vortices in a laminar boundary layer. Acarlar and Smith 12 examined hairpins generated from the continuous injection of fluid through a slot to form a synthetic low speed streak. They found that the counter-rotating legs of the hairpin vortex induced an uplift of fluid between them which initiated the formation of a secondary vortex upstream of the primary vortex. This flow upstream and away from the wall, which is described as an ejection in quadrant analysis 13 (−u ′ ,+v ′ ), is noted in Fig. 1 (a). Acarlar and Smith suggest that as the legs of the hairpin vortex move closer together due to mutual induction, as suggested in Fig. 1(b) , the resulting increase in the ejection velocity instigates the formation of a secondary vortex upstream of the primary vortex. The general arrangement of a primary hairpin (PHP) vortex and secondary hairpin (SHP) vortex is shown in Fig. 1(c) .
This work was followed by Haidari and Smith 9 who considered finite duration injections through a narrow slot to approximate a turbulent "burst" event. They found that not only did secondary hairpin vortices appear upstream of the primary hairpin but that additional hairpins appeared outboard of the primary hairpin legs as a result of the viscous entrainment of surrounding fluid. Following the development downstream, they observed that a single hairpin could develop into a turbulent spot, marking the initiation of transition. Later, DNS calculations by Singer and Joslin 14 corroborated that a single hairpin vortex could produce a young turbulent spot.
PIV studies of fully turbulent boundary layers by Adrian et al. 10 found evidence that naturally occurring hairpins tended to form in packets. The regeneration of secondary and then tertiary vortices results in a streamwise aligned group of hairpins, all upstream of the originating hairpin. They describe this process of forming a packet from a single hairpin as autogeneration. The alignment of the vortices means that the ejected fluid between the legs at reduced streamwise velocity extends significantly farther in the streamwise direction than the length of a single vortex. Thus the hairpin packet model has been used to explain the existence of the very large streamwise scale of low speed streaks. 15 Data recorded at high free-stream velocities (Mach 3) by Ringuette and Martin 6 found hairpin packet structures in their DNS solution that were often found above a low momentum streak supporting this model. However, it is not clear that the hairpin packet model can universally explain the low speed streak development. For example, Schoppa and Hussain 16 found evidence that a transient spanwise instability mode is primarily responsible for low-speed streak development in fully turbulent boundary layers. A supporting numerical study by Schlatter et al. 17 found little evidence of hairpin structures for Re θ > 4000, but they did report that hairpin vortices were the dominant structure at lower Reynolds numbers which includes transition and the "immediate post-transition stage."
Since the development of hairpin vortices may mark a detectable early stage of transition, several studies have described possible threshold criterion for the formation of hairpins. Acarlar and Smith 18 related the shedding frequency of hairpins created by a hemisphere to the velocity at the top of the hemisphere, implying a minimum velocity criterion for formation. Svizher and Cohen 19 used holographic PIV to examine hairpins generated by injecting fluid through a slot in a laminar boundary layer. They suggest that the hairpin formation threshold is a function of the injection velocity ratio and Reynolds number. Malkiel et al., 20 performing experiments in a rotating water flow, identified a threshold which hairpins would grow based on the suction volume flow rate and the ratio of inner and outer wall velocities. Both of these identify the minimum conditions necessary to generate a vortex but do not give insight into its strength or ability to regenerate.
Zhou et al. 11 used DNS to simulate the evolution of a hairpin vortex by seeding a laminar flow, with a turbulent boundary layer profile, with an ejection event at 45
• from the wall. They found that secondary hairpins would generally be generated for ejections with velocity ratios >1. However, the relationship between the strength of the resulting hairpins and the initial conditions was not considered.
The present work seeks to quantitatively examine the development of hairpin vortices formed in a laminar boundary layer in order to relate the strength of the persistent flow structures to the initial conditions with the intent of identifying a comprehensive threshold criteria that can be used to predict if a hairpin will regenerate from the initial conditions. Such a criteria will contribute to transition prediction capabilities as a regenerating hairpin possibly represents one of the earliest steps in the natural transition process. This study follows the same approach as the early visual examinations of artificially generated hairpins by creating a "synthetic" low speed streak through injection. Therefore, the mechanism by which the injection forms the hairpin is also of interest.
This injection process can be categorized as a jet in cross-flow on which there has been a significant amount of work, as summarized by Mahesh. 21 Recent DNS studies, 22, 23 using circular holes and injection velocity ratios comparable to Haidari and Smith, 9 found that the hairpin vortex formed from injection appears to be the initial ring vortex deformed into a hairpin shape by the action of the local shear. However, simulations performed by Suponitsky et al., 24 who consider an elongated ring vortex in a uniform shear layer, found that both the upstream and downstream edges formed into hairpin vortices.
Because of this potential relationship between the initial ring vortex and the developed hairpin vortex, the strength of the initial ring vortex is relevant to the eventual strength of the mature hairpin vortex. The strength of a circular ring vortex generated in quiescent flow has a limiting strength that can be related to its formation number as found by Gharib et al. 25 The current study first examines the behavior of elongated ring vortices, generated by injection through a slot into quiescent flow, as compared to that of a circular ring vortex with a focus on identifying comparable limiting behavior. The mechanisms for hairpin development from this initial vortex ring are examined by means of flow visualization. A quantitative analysis of the strength of the hairpin heads and legs is made to identify an appropriate scaling and propose a threshold for regeneration.
The current study examines the strength of flow structures directly caused by the injection and then establishes its relationship to that of the hairpin vortex and determines if a limiting behavior is present.
II. EXPERIMENTAL ARRANGEMENT
A closed-loop free-surface water channel at Lafayette College was used for the experiments. The general arrangement of the channel is shown in Fig. 2 . The test section walls and floor are fabricated from low iron glass for high transmittance optical access. The compact inlet tank is designed to meet space constraints and is partially filled with 7 cm diameter polyethylene spheres with 1 cm perforations to ensure a uniform flow distribution. Honeycomb with 6 mm cells is used to straighten the flow in the vertical direction followed by 3 mm honeycomb in the horizontal direction. A set of wire screens with 1 mm openings further reduce the turbulence. A turn is included downstream of the test section for the study of flow through a linear cascade of airfoils. In the current arrangement, simple turning vanes are used to ensure a uniform spanwise pressure distribution in the test section along with a perforated plate to eliminate reflected waves. The free-stream channel velocity was varied between 75-105 mm/s. The measured free-stream turbulence intensity is 0.6% along with a spanwise uniformity of velocity variation of ±1.2% in the region of interest. A 17.9 mm thick acrylic plate with 5:1 elliptical leading and trailing edges was used to form the laminar boundary layer (Fig. 2) . Hairpin vortices were generated by fluid injection through one of two flush slots with a length, L, of 50.8 mm and a width, w, of 1.6 mm. Figure 3 shows the details of the two-dimensional diffuser design. The slot width and length were selected to be representative of low speed streak dimensions in viscous units as well as to be comparable to previous work. 9, 14 The width was selected to be z + ∼ 50, given the generally accepted spacing between low speed streaks is z + ∼ 100, and the length of the slot was selected to be 1000 < x + < 2000. 3, 15 Open cell foam was used to improve the flow uniformity at the exit. A stepper motor driven linear actuator was used to actuate a syringe that delivered metered flow to the slots. The injection profile consisted of three segments: constant acceleration, constant maximum velocity and then constant deceleration. The time and magnitude of the maximum velocity segment were varied, while the times of the acceleration and deceleration segments were fixed at 0.1 s.
Streamwise boundary layer profiles were recorded with a backscatter single component laser doppler velocimetry (LDV) system and 2D velocity fields were recorded using PIV. Figure 4 shows the details of the camera arrangement used to capture symmetry plane side-views and end-views. A 120 mJ/pulse Nd:YAG laser was used to generate a 1 mm light sheet. The flow was seeded with silver coated hollow glass spheres with a 13 µm average diameter and an average density of 1600 kg/m 3 . Four 1600 × 1200 pixels 14 bit interline transfer CCD cameras were used to record dye visualization and PIV images at 14.5 Hz. A multi-pass window shifting cross correlation technique with 50% window overlap was used to resolve the velocity scales. Spurious vectors were removed using a correlation coefficient threshold 26 and a median filter. 27 Any vectors removed from the field were filled by interpolation.
The laser and cameras were mounted to a linear motion traverse which could attain any streamwise position while maintaining alignment. The side-view was assembled from three camera images that combine to form a 25.5 cm field of view (5 slot lengths, L) beginning at the leading edge of the generating injection slot. Using a calibration plate, the side-view images were dewarped with a 3rd order polynomial fit to eliminate perspective distortions. 28 Side-view PIV planes were recorded with a 19 pix/mm magnification which yielded 2.4 vectors/mm. End-view PIV data were recorded with a camera and a 45
• mirror placed 55 cm downstream of a 5 mm spanwise oriented laser sheet so that it did not affect the development of the hairpin vortices. A magnification of 38 pix/mm and a vector field resolution of 4.7 vectors/mm was maintained for all end-view imaging.
III. INJECTIONS INTO QUIESCENT FLOW
Injections were made into quiescent flow to establish the local fluid behavior without the influence of the boundary layer shear in order to determine any connection to hairpin vortices formed by the same injection into a laminar boundary layer. For these experiments a polycarbonate baffle (shown with dashed lines in Fig. 4 ) was centered around the upstream slot in order to ensure quiescent flow and reduce the settling time between injections. Dye visualizations of the injections confirmed that they produce an elongated vortex ring with distinguishable streamwise and spanwise vortex pairs. Because the injection is intended to simulate the uplift of surface fluid associated with low speed streaks, the study focused on the development of the streamwise vortex pair by using end-view PIV measurements to capture their behavior. The injection velocities and injection times were selected such that when the injection was made into a laminar boundary layer it would initially produced only a single hairpin vortex and that vortex would remain within the boundary layer throughout the region considered in this study (5L downstream of the leading edge of the injection slot).
Data were recorded at the streamwise center of the slot or at x * = 0.5 using the definition below which nondimensionalizes the streamwise distance from the leading edge of the generating slot, x i with the slot length L, The time, measured from the start of injection, t i , was scaled with the total injection time, T i , Figure 5 shows plots of the vorticity for a typical injection: during injection, at the end of injection, and a short time after it is completed. Throughout the injection the vortices remain attached to the injection slot as seen in Figs. 5(a) and 5(b). Unlike a circular ring vortex where the counter-rotating pair seen in cross section never meet, the narrow width of the slot means the vortices are in close contact. Immediately after the injection stops, the vortices detach from the slot and begin to dissipate as they rise from the wall (Fig. 5(c) ). The same figure also shows that the peak vorticity is measurably reduced. It can also be noted that the close proximity of the vortices and the wall's surface induces the formation of boundary layers as indicated by the opposite sign vorticity along the wall below each vortex. All of the injection conditions used in the current study produced the same general behavior in which the vortices produced by the injection remain attached to the slot for the duration of the injection and then detached immediately thereafter.
The black contour lines shown in Fig. 5 identify the 1.6 s −1 vorticity level that was used to calculate the circulation strength, Γ, of the vortices. This isocontour was selected as the smallest vorticity level that distinguished the streamwise vortex pair in both quiescent and boundary layer flow injections. It is approximately 10% of the peak vorticity seen in the hairpin producing injections. Adrian et al. 29 proposed using the imaginary part of the complex conjugate eigenvalues calculated from the two-dimensional local velocity gradient tensor as a way to identify vortices and their strength. Wu and Christensen 30 extended the methodology so the sign of the rotation could also be established. However, this method did not provide significantly different results than using the vorticity isocontours in either the quiescent or laminar boundary layer conditions. Therefore, vorticity is used throughout this study to identify vortices due to its simplicity and its direct correlation to circulation.
The circulation strength for all cases as a function of time nondimensionalized by the total injection time, T i , is shown in Fig. 6 . The injection conditions are identified by their maximum injection velocity and total injection time. As expected, the strength of the positive and negative rotation vortices display nearly the same behavior. The plot shows the strength of the vortex pair increases linearly during injection. Immediately after the injection ends, the circulation begins to decay exponentially. This is in contrast to the circular ring vortex experiments of Gharib et al. 25 and the simulations of Rosenfeld et al. 31 which show the strength of a circular ring vortex in quiescent flow decays very slowly and is nearly unchanged one injection time scale past the end of injection. This difference is ascribed to the significant viscous dissipation associated with the close proximity of the counter rotating vortex pair and the viscous losses due to the presence of the wall as compared to the ring vortex formed from a circular nozzle with no nearby surface.
The circulation of the minimum energy case, V i = 9.4 mm/s, T i = 1.0 s, displays some deviation from the injection profile seen in the other cases. This results from the fact that the vorticity in the streamwise vortex pair is not significantly larger than that of the induced flow at the wall below the vortices. This results in isocontours of vorticity that include some vorticity outside the vortex pair during the early stages of injection. However, as the vortices strengthen the peak circulation is apparent and it is this peak that will be used to characterize the elongated ring vortex. Using the peak circulation, the Reynolds number based on circulation (Re Γ ) is calculated and found to be between 28-80. Mohseni et al. 32 found that circular ring vortices display the universal behavior identified by Gharib et al. 25 at Re Γ > 2000. Therefore, it is not surprising that the elongated ring vortices in the current study would be dominated by viscous effects. To quantify the viscous dissipation of the elongated ring vortex the circulation is plotted on a log plot as shown in Fig. 7 for the same cases shown in Fig. 6 . Only the behavior after the injection has stopped is shown and the circulation is represented as a ratio to the peak circulation value so all cases could be compared on the same plot. The maximum decay rate of a circular ring vortex as determined experimentally by Dabiri and Gharib 33 is shown as a dotted line for reference. The data from the current study have a higher decay rate than this and an analytical model proposed by Maxworthy 34 is shown as the solid line. The decay rates are estimated to be between ∼t −1.8 and ∼t −3.4 . Note that the decay rate increases as the injection velocity decreases. This is consistent with viscous dissipation as the reduced injection velocity generates less circulation ( Fig. 6 ) and thus a smaller Re Γ , indicating more significant viscous effects.
It is notable that similar peak circulations were achieved with different combinations of injection time and maximum velocity. It is relevant to the current study to relate the peak strength of the streamwise vortices to injection conditions. Gharib et al. 25 found that circular ring vortices had a limiting circulation that was related to the formation time. The equivalent formation time for the slot used in this study when considering the streamwise vortex pair is
where V i is the average injection velocity and w is the width of the slot. Additionally, Rosenfeld et al. 31 nondimensionalized the circulation assuming the slug flow model of Shariff and Leonard 35 which takes the form of Eq. (4),
Rosenfeld et al. nondimensionalized the circulation such that it would yield a simple relationship with the injection time if it were indeed slug flow,
This circulation scaling was adopted and used with the formation time to plot the peak circulation as shown in Fig. 8 . As the plot shows, there does appear to be a predominantly linear relationship between nondimensional circulation and formation time. However, a linear fit of the data finds the slope to be smaller than the slug theory would predict at 0.32T F . The reduced strength is presumed to be the result of the viscous interaction of the counter-rotating vortex pair. Gharib et al. 25 had found that circular ring vortices would "pinch off" and stop growing in strength at T F ∼ 4. If this were true for the elongated vortices, a limiting circulation strength would be seen in Fig. 8 . However, the figure indicates that the vortices continue to strengthen for T F < 13. This is consistent with the observation that the vortices remained attached to the injection slot for the duration of the injection for all cases tested. This implies that when the slot injection is used for the generation of hairpin vortices in shear flow, only a single elongated ring vortex will be produced, as opposed to the shedding of several vortices for the injection times evaluated here. This fact as well as the result that the streamwise vortex strength may be related to V 2 i will be used in the subsequent analysis of hairpin formation.
IV. INJECTIONS INTO A LAMINAR BOUNDARY LAYER
Injections were made into a zero pressure gradient laminar boundary layer using the same injection parameters as in the quiescent studies in order to produce hairpins with varying strength and maturity. The boundary layer conditions at the different injection locations are listed in Table I . Boundary layer velocity profiles measured at both free-stream velocities and slot locations are shown in Fig. 9 confirming the laminar conditions.
The selection of specific injection conditions was based on preliminary visualizations that produced hairpin vortices ranging from weakly developing to a strength that would consistently produce secondary vortices for x * ≤ 5. The various combinations of injection conditions, location, and free-stream velocity used are listed in Table II .
A. Side-view visualizations
Visualizations that qualitatively exemplify the hairpins considered in this study are shown in Fig. 10 . The visualizations were produced by including a trace amount of rhodamine WT dye in the injected fluid and using the Nd:YAG laser to illuminate a volume that was 250 mm in the streamwise direction and 10 mm in the spanwise direction. In order to directly compare the different FIG. 9 . Laminar boundary layer profile in Blasius similarity coordinates at leading edge of upstream and downstream injection slots for both free-stream velocities used in the study. cases, the time from the start of injection, t − t i , is nondimensionalized with the free-stream velocity, U ∞ , and the displacement thickness at the leading edge of the generating slot, δ * i , as suggested by Haidari and Smith:
Figure 10(a) represents a typical hairpin development for a relatively weak injection. Initially at t * = 17 the dyed injected fluid rose uniformly from the injection slot with the shear layer appearing to only cause a deformation at the upstream edge, x * ∼ 0.5. However, the majority of the injected fluid appears to be simply advecting downstream. By t * = 42, a hairpin-like structure inclined 20
• to the surface has formed. This is consistent with Haidari's and Smith's 9 observation that the downstream portion of the hairpin vortex legs form an angle between 14
• and 32
• with the wall. They also reported that as a hairpin develops, the head will form an angle between 48
• and 67
• to the wall. However, the subsequent times shown for this first case indicate that the angle of the hairpin-like structure does not noticeably increase. This suggests that the vortex head is not strong enough to induce a larger angle with the wall. Visualizations at x * > 5 confirm that if an identifiable head does not appear within x * ≤ 5, a vortex head strong enough to increase the angle with the wall and display other characteristics associated with a fully developed hairpin vortex also does not form. Therefore, this case represents the lower strength limit of the hairpins investigated.
In contrast, the case visualized in Fig. 10(b) shows the development of a hairpin with more typical characteristics. In this case, at t * = 19 a more distinct roll-up of the injected fluid can be seen near x * = 0.5. This roll-up is marked with a "p" to denote the origin of the primary spanwise hairpin vortex head. The vortex that forms from this roll-up is marked with a "p" at the subsequent times as well. By t * = 39 a distinct head is visible and separate from the rest of the injected fluid that appears to be primarily advecting downstream and has been previously described as a tongue. 9 This fluid is marked as "erv" in the figure for reference. At t * = 64 a noticeable kink near x * = 4 has formed. The formation of this kink is explained by the mutual induction of the counter-rotating legs and can be predicted by means of the Bio-Savart law 36 and is the behavior illustrated in Fig. 1(b) . Figure 10(c) shows the same injection conditions as (b), but with an increased free-stream velocity. The faster velocity causes the hairpin to "mature" in a shorter streamwise distance. This can be seen by comparing Fig. 10(c) at t * = 46 with Fig. 10(b) at t * = 52. In both cases a head is clearly visible and the dye suggests that fluid is being ejected upstream and away from the wall between the legs of the vortex as the faster moving head overtakes the slower moving fluid of the elongated ring vortex. This observation is consistent with the simulations of Suponitsky et al. 24 The hairpin formed at 75 mm/s has been stretched farther in the streamwise direction because it has had more time to rise into the boundary layer than in the 105 mm/s case but otherwise is comparable.
Similar results are also seen between upstream and downstream injections shown in Figs. 10(c) and 10(d). The notable difference is the elongated ring vortex is shorter for the downstream injection case (comparing t * = 59 with t * = 57). Here the thicker boundary layer causes the hairpin to convect downstream at a lower velocity allowing more time for the remainder of the injected fluid to be entrained into the hairpin. Note that the downstream case achieved the same maturity in a shorter time, t * . Both Figs. 10(c) and 10(d) show the development of a secondary hairpin vortex as marked by "s."
By further increasing the injection velocity and time, the location at which the secondary hairpin occurs moves farther upstream. Figure 10 (e) shows a kink in the hairpin legs at x * ∼ 1.75 which is comparable to the hairpin maturity of Figs. 10(c) and 10(d) at x * ∼ 2.75. Additionally, the visualization suggests that the resultant secondary hairpin is also larger in Fig. 10 (e) than in (d). Figure 10 (e) demonstrates that the secondary hairpin appears to be formed by "pinching off" the legs of the primary vortex. By examining the visualization at t * = 64, it can be seen that the secondary vortex legs are related to the original primary hairpin vortex legs that had been upstream of the kink in the previous visualization. The legs of the primary hairpin vortex appear almost disconnected from the newly formed upstream structure. This pinching off of the downstream vortex is consistent with DNS simulations 11 and illustrated in Fig. 1(c) . Holographic PIV of hairpins also indicates the downstream legs weaken near the secondary vortex head. 19 There is an additional behavior that is noticeable at the second time step for all of the cases. It can be seen that the dye fluid, shown in white, that trails upstream of the hairpin experiences an uplift well upstream of the "body" of the hairpin. It is most pronounced in Fig. 10 (e) at x * ∼ 1 where the fluid has not only been lifted from the surface but is curling due to negative spanwise rotation. This may be evidence of an adverse streamwise pressure gradient upstream of the hairpin that is caused by the hairpin moving slower than the undisturbed boundary layer as well as ejection of fluid induced away from the wall and upstream by the counter-rotating legs. This high pressure area is seen in the simulations of Singer and Joslin 14 and based on Fig. 10 is apparently creating a horseshoe or necklace vortex similar to those found in laminar juncture flows. 37 All of the visualizations suggest the flow structure that becomes the vortex head forms as a result of a Kelvin-Helmholtz instability in the shear layer. It is noted that this is different from the behavior of circular ring vortices at similar injection velocity ratios. The simulations of Bidan and Nikitopoulos 23 indicate that for circular vortices the hairpin is formed from the lifted downstream quadrant of the ring vortex and the legs from the spanwise quadrants. Sau and Mahesh 22 show in detail that the vorticity in the upstream quadrant of the circular ring vortex is nearly annihilated by the opposite sign vorticity in the approaching boundary layer. With the upstream portion of the vortex ring diminished in strength and size, the boundary layer vorticity strengthens the same sign vorticity in the downstream quadrant of the ring vortex. The strengthened downstream portion then rises in the boundary layer due to inviscid induction. 22, 23 Through this process, the resulting hairpin vortex is a modified form of the original vortex. In contrast, the hairpin vortex formed in the current study appears to be a new structure. To investigate the mechanism for the roll-up of the vortex head, the visualizations were used to identify the height at which the injected fluid had penetrated into the boundary layer when the roll-up could first be detected. That height, represented as a ratio of the displacement thickness at the generating slot leading edge, is shown as a function of the injection conditions in Fig. 11 . Although the height of the roll-up exceeds the displacement thickness as the injection times increase, the figure suggests that the displacement height may be a reasonable length scale to represent the wall-normal penetration into the boundary layer and has the advantage of being known a priori. The possible implications of the trend of increasing height with injection time are discussed below in Subsection IV C.
B. Streamwise circulation
To quantitatively compare the behavior of the elongated ring vortex formed at injection and the subsequent hairpin formation to that of the quiescent injection, end-view PIV data were recorded at four streamwise locations. Figure 12 shows vorticity contour plots for a representative case that produces a secondary hairpin vortex: U ∞ = 75 mm/s, V i = 12.5 mm/s, and T i = 1.2 s. As with the quiescent injections, circulation was calculated around vorticity isocontours of 1.6 s −1 which are shown in black. Only the contour that encompassed the peak vorticity was used to calculate the circulation. The PIV data could not be recorded simultaneously at each streamwise measurement plane; therefore, the data shown at each plane represent the behavior of four separate hairpin vortices that were all generated under identical conditions. The description of the flow structures that correspond to the vorticity patterns in Fig. 12 that follows is based on comparison to the side-view visualizations. For reference, the general location of the measurement plane relative to the hairpin vortex at the time the flow field was measured is shown in the schematics at the top of the figure. Figure 12 (a) shows that at the center of the slot, x * = 0.5, when t * = 14 the vorticity pattern is essentially the same as the quiescent injection for the same injection conditions. By t * = 21, however, it can be seen in Fig. 12(b) that the vortices have spread in the spanwise direction and have started to take on an inclination toward the slot centerline. This spanwise pattern marks the appearance of the new vortex which rolls-up at the upstream edge of the injected fluid. Figure 12(c) shows the vorticity in the legs of the newly formed hairpin vortex.
At the next downstream measurement plane, x * = 1, the data recorded at t * = 17 ( Fig. 12(d) ) again show a pattern that is consistent with the quiescent injection where the elongated ring vortex has detached from the slot (time ast shown for reference). At t * = 29, Fig. 12 (e), the hairpin head has begun to rise in the boundary layer and the angle of the legs in the x-y plan has increased. This produces more vertically elongated vorticity patterns. The peak vorticity can be seen to be higher than the vorticity associated with the elongated ring vortex shown in Fig. 12(d) . Figure 12(f) shows that the legs of the vortex are continuing to widen and producing stronger counter-rotating flow around them. Figure 12 (g) shows that even at x * = 2, the original elongated ring vortex is still detectable, consistent with the side-view visualizations. At t * = 40 the primary hairpin legs have moved closer together due to mutual induction. This is indicative of the forming of the kink seen in the side-view visualizations. Evidence of the strong induced flow between the legs near the kink can be seen in Fig. 12(h) in the form of high opposite sign vorticity below and inside of the hairpin legs. This induced flow, which generates flow upstream and away from the wall, is believed to be the mechanism for the formation of the secondary hairpin vortex 3, 11, 12 which occurs between this and the next measurement plane.
At the final streamwise measurements plane, x * = 3.5, the original elongated ring vortex is barely detectable and therefore not shown. The angle of the head is nearly vertical because it has moved higher into the boundary layer where the velocity gradient is small and the induced motion dominates. 12 With the legs nearly perpendicular to the measurement plane at t * = 55, Fig. 12 (j) shows the patterns appear elongated in the wall-normal direction. The legs of the hairpin just upstream of the primary vortex head remain very close together and show signs of stretching as their diameter has decreased by t * = 56 as compared to t * = 40. From the visualizations it is known that a secondary vortex has formed and the end-view PIV reveals the head has a pattern (not shown) similar to that seen at t * = 55. The legs of the vortex just downstream of the secondary hairpin head are shown in Fig. 12(l) . Here the legs are larger in diameter and have a larger separation than the legs associated with the primary hairpin vortex shown in Fig. 12(k) .
The strength of the elongated ring vortex, the primary hairpin vortex, and the secondary hairpin vortex was tracked at each spanwise measurement plane in order to clarify the development of the hairpin vortex. To make the results comparable at different injection conditions, a new nondimensional circulation is required that could account for the influence of the boundary layer.
Because it was found that the circulation of the injections made into quiescent flow were related to V basis for such a nondimensional parameter. Assuming the same density and spanwise region of interest between the injected fluid and the oncoming boundary layer fluid, the injection momentum ratio is defined by
Based on the analysis of the roll-up height (Fig. 11) , the displacement thickness at injection is used to characterize the relevant boundary layer momentum. Although necessary, the momentum ratio alone cannot be used to scale the circulation strength of the hairpin vortex. The complete nondimensional parameter is given by Eq. (8)
Here, the needed velocity scale, V char , was chosen to represent the wall normal penetration of the injection. Note that all of the parameters used in the scaling can be identified a priori. The proposed circulation scaling was applied to the circulation calculated from the end-view vorticity data shown in Fig. 12 and is plotted in Fig. 13 as well as relevant visualizations. The central plots in the figure show the time behavior of the streamwise circulation for the four streamwise measuring locations. The visualizations above and below the plots of circulation identify the state of the hairpin corresponding to a local maxima in the circulation data. The visualizations were not taken simultaneously with the PIV data but instead recorded at the same conditions and synchronized with the start of the injection. The circulation peaks are labeled consistently in both the visualizations and circulation plots for reference. Note the scaling used to nondimensionalize the circulation is not a function of streamwise location or time from injection, so the magnitude of Γ * can be directly compared across all four measurement planes. Figure 13 (b) shows that the circulation strength at x * = 0.5 has two distinct peaks. The first peak is a result of the original elongated ring vortex caused by the injection and is denoted by label ERV1. This can be seen in the visualization shown in Fig. 13(a) which was recorded at a comparable time to the appearance of the ERV1 peak in the end-view. The end-view measurement plane streamwise location is noted with a vertical line in Fig. 13(a) . The visualization shows that the elongated ring vortex formed from injection is intersecting the measurement plane and, as stated before, appears to have been simply advected downstream. To confirm this observation, Fig. 13(b) also includes solid lines that represent the circulation of the streamwise vortex pair generated in quiescent flow using the same injection parameters. The plot shows that the circulation strength with and without the boundary layer is nearly identical. In both the quiescent and laminar boundary layer data the peak circulation occurs as the injection is completed and then immediately begins to decay. This supports the observations that the streamwise vortex pair from the elongated ring vortex is largely unaffected by the shear flow.
The second circulation peak shown in Fig. 13(b) represents the legs of the newly forming PHP vortex. Figure 13(c) clearly shows that at the time of the peak the legs of the new vortex just downstream of the head are crossing the measurement plane.
At x * = 1, the circulation again displays two distinct peaks as shown in Fig. 13(e) . The first peak is again a result of the initial elongated ring vortex as shown in the Fig. 13(d) visualization. The peak at ERV2 is smaller than ERV1 because the ring vortex is decaying at the same rate as during the quiescent injections. The peak is not as distinct in time because the vortex is now advecting at a higher velocity having moved farther from the wall.
The second peak in Fig. 13(e) , PHP2, is again the result of the legs of the newly formed hairpin vortex. However, as shown in Fig. 13(f) , the hairpin vortex is now fully developed with a head that is distinct from the original ring vortex. The magnitude of the circulation is almost 2X the strength found in Fig. 13(b) . With the legs upstream and outboard of the elongated ring vortex (as shown in Fig. 12(f) ), any resemblance to the original vortex is gone. Figure 13 (h) shows the circulation strength at x * = 2. A peak representing the original ring vortex, ERV3, is noticeable and continues to decay. The primary hairpin legs are still strengthening as shown by the peak at PHP3. The visualization shown in Fig. 13(i) illustrates that the primary hairpin head has now stretched well above the elongated ring vortex, marked by the tongue of dyed fluid, downstream of it at y/δ i = 0.6. The strength may be reduced because at this measurement location the legs have moved higher into the boundary layer where the shear stress is reduced and, based on the end-view vorticity data, have moved closer together accelerating the viscous losses. In contrast, the third peak shown in Fig. 13(h) occurs in the legs of the hairpin vortex downstream of the newly formed kink. This portion of the legs continues to grow in strength and because it will become the legs of the now forming secondary hairpin vortex, the peak is labeled SHP1.
At the farthest downstream measurement plane, x * = 3.5, there are 2 distinct peaks in the circulation as shown in Fig. 13(k) . The visualization shown in Figs. 13(j) and 13(l) indicates that the head of the secondary hairpin head forms as the hairpin passes through the measurement plane.
The peak circulation at PHP4 shows the primary hairpin vortex legs continue to weaken. This is consistent with the smaller cross section seen in Fig. 12(k) and the side-view visualizations showing a "pinching" off of the legs upstream of the secondary hairpin head. The second peak, SHP2, shown in Fig. 13(k) represents the circulation of the legs downstream of the newly formed secondary hairpin vortex head. Although it still has a higher circulation strength than the primary hairpin vortex, these legs are beginning to weaken as can be seen by comparison to Fig. 13(h) .
In an attempt to generalize these results, the peak streamwise circulation from the end-view PIV is compared for all of the experimental cases and plotted against the nondimensional injection time, Figure 14 shows the peak circulation at the four different streamwise measurement planes. For clarity, only the peak of the positive sign vortex is shown. Following the method described in Fig. 13 , the peaks were associated with one of three flow structures: the initial elongated ring vortex (ERV), the PHP vortex, or a secondary hairpin (SHP) vortex. Data for each particular structure are only shown at measurement planes where it was detectable.
Examining the behavior of the elongated ring vortex shown in Fig. 14(a) , a linear trend can be seen. A least squares fit of the data is shown as a solid black line. Before addressing the downstream development of the elongated ring vortex, however, an examination of the primary hairpin vortex is required. Shown in Figs. 14(c)-14(f) , it can be seen that there is an increase in the slope of the primary hairpin peaks with increasing streamwise distance. At x * ≥ 2 the slope of the data becomes consistent suggesting a transition is occurring between two different behaviors. Because it appears that the primary hairpin legs achieve their maximum circulation at x * ∼ 2, a fit was performed on the data as shown in (e) and that fit is shown for reference as a red line on all of the primary hairpin data plots. Also for reference, the slope of the linear fit from the elongated ring vortex in (a) was combined with a new intercept to achieve Γ * = 0 at the same T * as the red line fit. This is shown as a dashed black line.
Examining the primary hairpin vortex circulation peaks for x * = 0.5 shown in Fig. 14(c) reveals that the lower velocity injections nearly lie on the dashed line. This suggests that the legs of the primary hairpin vortex begin as vestiges of the original elongated ring vortex. The more energetic injections are well above this line, indicating that they are strengthening more quickly than the weaker injections.
Focusing on the primary vortex at the x * = 1 measurement plane, Fig. 14(d) shows a bifurcated behavior with two distinct trends. The weaker injections remain near the dashed line suggesting the primary hairpin vortex has not "rolled-up" and the behavior is simply that of the advected elongated ring vortex. However, the more energetic injections have moved to the red line representing the maximum primary hairpin leg strength at x * = 2. This is direct evidence that the primary vortex legs are not strongly dependent on the strength of the original elongated ring vortex.
Returning to the elongated ring vortex, Fig. 14(b) shows the peak circulation behavior at x * = 1 falls between the fit from (a) shown as the solid line and the shifted fit shown as a dashed line. The two fits are reasonable bounds for the peak circulation behavior. The larger time injections have migrated to the lower fit while the shorter time injections have remained closer to the original behavior. This behavior is a result of the circulation increasing with injection time and the resultant higher strength vortices are dissipating slightly faster than the weaker injections.
Figures 14(e) and 14(f) show that this limiting behavior is maintained up to x * = 3.5. Although the relationship of the strength maintains the same slope, it can be seen in (f) that there is some loss of strength in the vortices as the data lie primarily below the fit shown in red. This reflects the decay seen in the peak circulation shown in Figs. 13(e), 13(h), and 13(k).
For the cases that spawned secondary vortices, the strength of the secondary vortices is shown in Fig. 14(g) . The fit is again a reasonable description of the maximum peak circulation in the secondary vortex legs, with some of the weaker injections not achieving the maximum. Making a comparison of specific cases, it can be seen that generally, the secondary hairpin vortex legs have a higher peak circulation as compared to the primary vortex. This does not hold for the weaker injections. However, these cases are at the very threshold of forming the secondary vortex and may not have had the necessary time to strengthen. 
C. Spanwise circulation
To correlate the behavior of the legs of the hairpin vortex to that of the head, side-view PIV was used to capture the symmetry plane behavior. Figure 15 shows a representative dataset taken at U ∞ = 105 mm/s using the downstream injection slot with V i = 12.5 mm/s and T i = 1.2 s. This is the same case visualized in Fig. 10(e) .
Figures 15(a) and 15(b) show the vorticity contours for two different times after injection that can help illustrate the vorticity pattern over the entire hairpin development. At t * = 43 the hairpin head has become distinct from the original elongated vortex identified by the long downstream tongue of negative vorticity. The shear layer between the legs of the hairpin vortex extends to the wall near x * = 1. At that same streamwise location the vorticity suggests a shear layer lifting up from the surface. This motion is very slow and barely distinguishable from the laminar boundary layer flow, which explains the noise in the calculated vorticity around this structure. This shear layer corresponds to the uplift of dye at the surface upstream of the hairpins that is believed to be evidence of a weak laminar necklace vortex seen in Fig. 10 . Figure 15 (b) shows the hairpin after it has spawned a secondary hairpin. There is strong positive vorticity below the primary and secondary vortices head which highlights the more pronounced ejection event between the legs. The strength of each hairpin head was tracked by identifying the vorticity isocontour that was 20% of the magnitude of its peak vorticity. This method was used instead of a constant vorticity level in order to isolate the vortex head from the vorticity of the boundary layer.
A plot of the primary and secondary hairpin vortices head circulation is shown in Fig. 15 (c) and nondimensionalized as Γ * . It shows that the primary vortex head begins to decay immediately after formation (x * ∼ 1). This decay, also seen in the visualizations, is caused by the head rising through the boundary layer moving from high to low shear. With the driving velocity gradient gone, the circulation is reduced through viscous dissipation. This is in contrast to the legs of the vortex which experience the local shear between the surrounding boundary layer flow and the low speed flow between the counter rotating legs. This gradient persists as evidenced by the discussion of Fig. 14 .
The red symbols in Fig. 15(c) show the strength of the secondary vortex head. It is difficult to determine the time at which the secondary hairpin "fully" forms, but it is assumed that the peak in the secondary vortex head circulation reasonably represents the moment of formation. The peak is larger than the primary vortex at the same streamwise distance, likely because the primary vortex head is farther from the wall and in a weaker velocity gradient. However, the initial strength of the secondary vortex head is approximately half that of the primary hairpin vortex at its formation for the same reason: it forms higher in the boundary layer and is exposed to a weaker velocity gradient.
To compare the strength of the vortex heads for all cases, the peak circulation for the primary vortex head and the secondary vortex head is plotted in Fig. 16 using the same scaling as the hairpin vortex legs in Fig. 14. Only the cases where the hairpin vortex head became distinguishable from the shear layer are included. The open symbols denote the primary vortex head and the filled symbols the secondary vortex head. There is a noticeable linear relationship for the strength of the primary hairpin vortex, although the weakest injections appear to deviate the most. These cases have the largest uncertainty given the difficulty in identifying a distinct hairpin vortex head from the shear layer. Given that the hairpin vortex head appears to be the result of a Kelvin-Helmholtz instability, the strength of the hairpin is expected to be directly related to the height at which the hairpin first rolled up because the local wall-normal velocity gradient is the driving force for the vortex formation. Examining Fig. 11 , it can be seen that the penetration height of the injected fluid is linear with injection time, as would be expected. Therefore the trend shown in Fig. 16 , suggesting a similar correlation with the strength of the hairpin head, is consistent with this model of the initial hairpin development.
The linear fit of the primary hairpin vortex data shows the slope is twice that of the legs of the vortex (Fig. 14) . This could be a result of the higher vertical velocity gradient present at the   FIG. 17 . Hairpin maturity as a function of momentum ratio and nondimensionalized injection time. The legend lists the hairpin vortex maturity as defined in Table III . The threshold for secondary hairpin generation is noted with a solid line. A potential threshold for a fully developed hairpin is marked with a dashed line. inception of the vortex head as compared to the z-direction gradient across the legs, which is a function of the fluid ejection between the legs. The strength of the secondary hairpin head appears to follow a similar linear trend at small T * , but displays a possible limiting behavior for T * ≥ 20. However, the limited number of cases and the fact that identifying the formation of the secondary vortex is somewhat subjective means more data is needed to confirm and explain that behavior.
D. Regeneration threshold
Because the use of the injection momentum ratio as a scaling parameter for the strength of the vortex yields a reasonable collapse of the data at different conditions, the same scaling was used in the identification of the threshold parameter which would predict if the combination of injection and boundary layer conditions would create a hairpin vortex capable of regenerating a secondary hairpin vortex. Figure 17 plots the momentum ratio vs. T * for all of the hairpins measured in the study. Based on the PIV data and the visualizations, the maturity of the hairpin was denoted by the number of hairpins present by x * = 5. The scale shown in Table III was also developed to provide more insight into the interim stages of development. Figure 17 suggests that the maturity of the spot at x * = 5 increases predictably moving from small momentum ratios and injection times to larger momentum ratios and injection times. It suggests that there is indeed a threshold above which a hairpin vortex will regenerate a secondary vortex. That threshold is estimated by the solid line shown on the figure. At injection conditions below the line, there are no hairpins that form a secondary hairpin vortex, with one exception. Conversely, nearly all of the hairpins above the line produce a secondary vortex with the exceptions being three cases identified with a maturity scale of 1.75 at the lowest momentum ratios. However, this maturity level is used to describe these vortices because it appears that a secondary vortex will form almost immediately downstream of the PIV and visualization field of view.
It might also be possible to identify a threshold for the formation of a fully developed hairpin vortex that is distinguishable from the elongated ring vortex, but with only a few data points to make the determination, it is only suggested as the dashed line with the same slope as the secondary vortex threshold.
V. SUMMARY AND CONCLUSIONS
The current study examined the behavior of vortices generated by injection through a high aspect ratio slot into both quiescent and laminar boundary layer flows. The injections into quiescent flow generated elongated ring vortices. Because of the close proximity of the longer streamwise counter-rotating vortices, they remained attached throughout the injection for all conditions tested and only detached from the slot after the injection stopped. A predominantly linear relationship between the scaled circulation of the elongated ring vortex and the formation number 25 suggests the circulation is related to V 2 i . A limiting behavior was not seen at a formation time of 4, as is the case for circular ring vortices, confirming that the injections considered in this study would produce a single elongated ring vortex without shedding. This relationship with the velocity inspired the development of a circulation scaling for the hairpin vortex cases that included the injection momentum ratio.
The behavior of the injections in a laminar boundary layer was established with side-view visualizations and end-view vorticity data. The region of interest was limited to x * ≤ 5. It was found that the initial elongated ring vortex behaves nearly the same in the laminar boundary layer as in quiescent flow. The most significant difference is the deformation of the upstream edge by the velocity gradient in the boundary layer. However, this shearing of the elongated ring vortex alone was not sufficient to generate a fully developed hairpin vortex with identifiable characteristics. 9 Visualizations indicate that when the injection was of sufficient strength, a hairpin vortex head is formed from a Kelvin-Helmholtz instability between the low x-momentum injected fluid and the boundary layer flow. The strength of the vortex head is related to the height the injected fluid penetrates into the boundary layer. Established from the visualizations, this height is approximately equal to the displacement thickness but does vary nearly linearly with injection time. It was found that the circulation of the primary vortex head monotonically decreases as the hairpin convects downstream apparently due to the head rising in the boundary layer and experiencing a decreasing vertical velocity gradient. However, because the secondary vortex head forms higher in the boundary layer where the shear is smaller, it is weaker than the initial strength of the primary vortex. The secondary vortex head circulation strength at formation is more comparable to that of the primary vortex head when it is at the streamwise location of the secondary vortex inception. As with the primary vortex, the strength of the secondary vortex head also decreases monotonically. The peak circulation of the primary and secondary vortex heads, which is essentially their formation strength, potentially have a linear relationship with injection time when nondimensionalized, but additional data will be required to confirm this.
The circulation strength of the hairpin vortex legs displayed a significantly different behavior than the vortex heads. The legs appear to begin as remnants of the original elongated ring vortex, but they are strengthened by the same roll-up process that generates the hairpin vortex head. Where the head is generated by the vertical velocity gradient between the boundary layer and the low momentum injection, the legs are generated and strengthened by the z-direction gradient. An analysis of the circulation shows the legs of the primary hairpin vortex increase in strength up to x * ∼ 2. If a hairpin is capable of regeneration, the secondary hairpin head appears to form and connect to the upstream legs of the primary vortex in a way that pinches off the primary vortex. In this process the legs that remain with the primary vortex head appear to be stretched and weakened. The peak circulation of the legs of the primary and secondary vortices are reasonably predicted by a linear relationship between Γ * and T * . The generality of the relationship needs to be explored as the current study used a fixed width and length slot as well as a limited variation in Re δ * i . However, the methodology holds the promise of a simple predictive capability of the strength of hairpin vortices given the generation conditions.
Finally, a nondimensional threshold criteria is proposed that identifies the minimum injection and boundary layer conditions required to produce a hairpin which regenerates a secondary vortex: J > −0.0125T * + 0.31. Although the current study examined artificially generated hairpin vortices, the injections were intended to approximate the lifting of low momentum fluid associated with low-speed streaks in transitioning and fully turbulent boundary layers. Therefore, this work might be extended to conditions that spawn naturally occurring hairpins and could potentially be used to predict the formation of regenerative hairpin vortices and their strength downstream of formation. If regenerating hairpin vortices are indeed the first requirement for the formation of turbulent spots, this predictive capability may be a means to identify the minimum requirement for transition.
